Abstract: A laser-reduction technique is investigated to fabricate a novel long period fiber grating (LPFG), whose period is a section of graphene oxide (GO) and reduced graphene oxide (rGO) films on a side polished fiber. Raman spectra, X-ray diffraction, and Fourier transform infrared spectra show that a CW 405 nm laser with low power of only 84 mW is sufficient to fabricate this LPFG by laser-reducing the GO film to rGO film. It is demonstrated that the dip extinction ratio of 15.3 dB can be achieved for such rGO-GO LPFG with a 500 μm period. In addition, it is found that the extinction ratio, full width at half maximum and resonant wavelength of the dip can be optically tuned by the length of LPFG. The work opens a way to implement novel fiber devices based on rGO-GO micro/nanostructure.
Introduction
In recent years, long period fiber gratings (LPFGs) [1] have attracted wide attention in the last few decades owing to its advantages of high sensitivity, light weight, small diameter, and immunity to the electromagnetic interference. By now, LPFGs have been widely exploited to measure curvature [2] , pressure [3] , twist [4] , humidity [5] , temperature [6] , strain as well as refractive index (RI) [7] - [9] . LPFGs are typically fabricated from single mode fibers (SMF) and photonic crystal fiber, where the refractive index or the profile of these fibers are periodically modulated through ultraviolet (UV) lasers, CO 2 lasers, electric discharge, and femtosecond pulses [10] . Recently, a side polished fiber (SPF)-based LPFG have been demonstrated, where cladding long period grating (LPG) is formed on a SPF [11] - [13] . The advantage of such SPF-based LPFG is that the SPF provides a platform onto which novel materials and micro-structure can be integrated to construct tunable and functional optical devices. Owing to the advantage, a reconfigurable and tunable fiber surface grating [14] have been demonstrated using a photosensitive liquid crystal hybrid film overlaid on a SPF.
On the other hand, interests in graphene-based materials are exploding due to their unique properties [15] - [17] . Following the abundant researches of graphene, the graphene oxide (GO) has also received great attention because of its superior dispersion ability in water and electronic bandgap different from graphene. GO is also considered as a promising material for biological applications owing to its excellent aqueous processability, amphiphilicity, surface functionalizability, surface enhanced Raman scattering property, and fluorescence quenching ability [18] . These fascinating properties of GOs are mainly derived from its unique chemical structures composed of small sp 2 carbon domains surrounded by sp 3 carbon domains and oxygen containing hydrophilic functional groups [19] . To date, GO fluorescence-sensor [20] , laser absorption medium [21] , and supercapacitor [22] have been demonstrated.
To artificially tune the material properties of GO and further facilitate the use of GO in microdevices, many techniques have been developed. Laser irradiation can be used to convert the GO film locally into reduced graphene oxide (rGO), and even complex micro-scale rGO patterns can be produced from GO on a substrate. Due to the distinct advantages of high efficiency, low cost, tunable reduction degree, and flexible patterning, laser reduction GO technique has become one of the best method to fabricate GO-based microdevices with high resolution and small size. More importantly, the flexibility of GO is suitable for fabrication and integration of graphene-based microdevices. For example, Fengshou Xiao et al. [23] have presented graphene microcircuits created on graphene oxide films via direct femtosecond laser reduction process according to preprogrammed patterns. Pulickel M. Ajayan et al. [24] have introduced a good cyclic stability energy storage capacities micro supercapacitor devices. However, by now, the fabrication of optical fiber devices by laser reduction GO technique has not been investigated yet.
In this paper, violet laser reduction of GO to rGO is investigated and used to fabricate the rGO-GO LPG on SPF. It is verified that a CW violet laser with relative low power of 84 mW can locally and partly reduce GO to rGO, which is confirmed by Raman spectrum, X-ray diffraction (XRD), and Fourier transform infrared (FTIR) spectrum. With the help of an amplitude mask, an rGO-GO LPFG with 500 μm period is fabricated successfully, and a dip with 15.3 dB extinction ratio(ER) appears in transmission spectrum. In addition, ER, resonant wavelength (RW), and full width at half maximum (FWHM) of the dip can be controlled by the length of rGO-GO LPFG. Such laser reduction technique provides a way to write microstructure in GO film coated onto the SPF. Owing to unique properties of GO and rGO, the microstructured rGO-GO will make the LPFG more functional in fiber-optic devices, biological applications and sensors.
Experimental Set-Up and Materials Characterization
The configuration of basin and a fixed SPF on a glass slide is shown in Fig. 1(a) . The SPF is fabricated from a standard SMF (Corning SM-28) using the side wheel-polishing technique. An instrument (XS-01-05-001) with resolution of 0.1 μm is used to measure the polishing depth of the side polished area, and the parameters of SPF are shown in Fig. 1(b) . The geometrical parameters of the fabricated SPF are: the total polishing length is of 20 mm; the length of flat section of the SPF above the core is of 14 mm; the polished depth is of 57 μm. Using 8 μm core diameter of SMF, the residual thickness of cladding (the distance from the polished surface to the core) is estimated to be 1.5 μm. Before the deposition process of GO on the SPF, the fabricated SPF is adjusted to let the polished surface upward and fixed onto a glass slide by UV glue. To contain the GO solution, a basin (20 mm × 5 mm × 1 mm) is constituted by using the UV adhesive (Loctite 352, Henkel Loctite Asia Pacific) surrounding the tapered segment as shown in Fig. 4 . And the UV adhesive basin is cured by a UV light source (365 nm, USHIO SP7-250 DB) for 10 min illumination, as illustrated in Fig. 1(a) . The GO solution is commercially available from Nanjing XFNANO Materials Tech Co., Ltd, China, which is prepared by dispersing 1 mg GO nanosheets (average size: 20-200 nm) into 1 ml ethanol. Here, the GO solution is treated by ultrasonication for 60 min. Then the prepared GO solution (0.3 ml) is instilled into the basin, and the ethanol in the solution is completely evaporated off for about 24 h in ambient temperature. Finally, the GO film is deposited onto the polished surface by spontaneous evaporation of the GO solution. Fig. 1(c) and (d) illustrates the morphology of polished surface of a fabricated SPF and the polished surface with GO film. The deep-yellow GO film will play a key role in the fabrication of cladding LPG. The scanning electron microscopy (SEM) image of the GO coated SPF cross section is shown in Fig. 1(e) . Due to the nano-meter size of GO sheet and strong Van der Waals' force, the adhesion between the GO with fiber surface is very good. The thickness of the coated GO is about 620 nm as shown in Fig. 1(f) .
The experimental setup as shown in Fig. 2 is schematically illustrated for writing rGO-GO LPG on the fabricated SPF. A broadband white light source (Ando-AQ4305) is used as the transmitting light source. The light launched from white light source is coupled into a SMF and then pass through the SPF coated with the GO film. Transmission spectrum of the fabricated LPG is recorded with an optical spectrum analyzer (OSA, AQ6317C from YOKOGAWA Inc.). An rGO-GO LPG on the SPF can be formed by the periodic light intensity distribution. A 405 nm wavelength laser (LSR405NL from Lasever Inc.) and an amplitude mask (5 mm) are exploited to produce periodic light intensity distributions. The mask (500 μm period with a 30% duty cycle) is placed 0.1 mm above the polished surface of the SPF to produce the LPFG. Using the amplitude mask is more efficient than the direct writing method and requires lower accuracy of the translation stage and thus a lower fabrication cost. In the experiment, 405 nm pump laser beam is collimated by a cylindrical lens, then shaped into a collimated light beam in a line-shape profile with 5 mm length and 2 mm width. Thus, 5 mm long LPFG can be prepared in each laser irradiation. As shown in Fig. 2 , longer rGO-GO LPFG can be obtained by moving the laser and the mask together from left to right. Thus, the length of the LPFG can be controlled in our experiment.
Micrograph is a simple way to analysis the dependence of the degree of GO reduction under different violet laser power. Fig. 3 shows the micrographs (a) and the change of RGB components (b) of GO film under 10 minutes illumination with different power of violet laser passing through the amplitude mask, where the laser power is sequentially changed from 0.12 mW, to 25 mW, 50.2 mW, 84 mW respectively. White balance for the CCD (Zeiss AxioCam MRc5) mounted on the microscopy is done by a white paper before taking the micrographs. Obviously, the region illuminated by laser become blacker than unilluminated one. This is because the GO film is partly reduced to rGO, leading to stronger optical absorption than unilluminated region. To quantitatively analysis the degree of the black color, the RGB component in illuminated region is extracted, which is shown in Fig. 3(b) . It can be seen that as the violet laser power increases, the RGB value decreases sharply when the power <25 mW, while slowly when the power >25 mW. This indicates that the degree of laser reduction of GO increases with the rise of laser power when the power <25 mW, and becomes almost saturate when the power >25 mW.
To find optimized illumination duration, the dependence of laser reduction GO on the illumination duration is investigated at laser power of 84 mW in a similar way. The micrographs and the dependence of RGB components on illumination duration are shown in Fig. 3(c) and (d) , respectively. Here, the illumination duration is sequentially set to be 10 min, 30 min, 50 min, 70 min, 90 min, and 110 min, respectively. As can be seen from Fig. 3(c) , the irradiated GO is getting blacker with time extended, which means the reducibility of the GO increases with the rise of irradiation time. RGB values basically remain unchanged as the irradiation time exceed 70 min, meaning that the reducibility of the GO is saturated.
Thus, power of 405 nm pump light is set to 84 mW to write the LPFG for 70 min. The produced LPFG, as shown in micrograph Fig. 4(a) , has a 500 μm period with a 30% duty cycle. In the LPFG, a cycle comprised of two strips with two different colors: black strip and deep-yellow strip. The deep-yellow strip is formed by the GO film without pump light irradiation, while the black strip rGO emerges after illuminated by pump light. Low power rGO film turns black from pristine deep-yellow after patterning, which means the absorption of GO film increases after laser reduction. Thus, Fig. 4(a) confirms that an rGO-GO LPG can be written optically on SPF by laser reduction.
Raman spectra of GO and rGO films display two broad peaks at 1354 and 1599 cm −1 , corresponding to D and G band, respectively, as shown in Fig. 4(b) . The G band peak is attributed to an E 2g mode of graphene associated with the vibration of sp 2 bonded carbon atoms, while the D band indicates the structural defects and disorder [25] , [26] . After the reduction and patterning, the D/G intensity ratio of rGO (ID/IG = 0.969) is slightly larger than that of pristine GO (ID/IG = 0.947). This change of ID/IG value is in good agreement with observations reported for the reduction of GO, which demonstrates restoration of sp 2 carbon and decreases in the average sizes of the sp 2 domains upon reduction of GO [27] - [29] . XRD patterns of GO and rGO are shown in Fig. 5(a) . The diffraction peak of GO is found to be at 2θ = 8.40
• . After reduction of GO film by low power laser, the typical diffraction peak of rGO decreases and shift to 2θ = 9.10
• . This is related to the removal of oxygen containing groups from GO and shrink in distance [23] . Such change in groups of GO is also verified by FTIR spectra (VERTEX70), as shown in Fig. 5(b) . The characteristic peaks of GO, including O-H stretching at 3400 cm −1 , C = O stretching at 1720 cm −1 , and C = C stretching at 1604 cm −1 [30] . The oxidation of graphene brings the hydroxyl [31] . Compared to GO, the removal of oxygen-containing groups in the rGO are clearly indicated by relative decrease in the intensity of broad band at 3400 cm for the hydroxyl group. Nevertheless, the elimination of these bands is not complete due to the low laser power.
Grating Characterization
The dips in transmission spectrum as shown in Fig. 6 can be understood by the grating-assisted coupling from the fundamental core mode to the cladding modes. The coupling between the core mode and the cladding mode gives rise to the resonant dips in the spectrum, because the transmission power is mainly carried by the core mode of the SPF. The resonant wavelength of the dip is governed by the following phase matching condition [32] , [33] ,
where λ rw and are, respectively, the resonant wavelength (RW) and the period of rGO-GO LPFG, n e f f cor e and n e f f,m clad are respectively the effective refractive index (ERI) of the fundamental core mode and the m-th order cladding mode in the rGO-GO coated SPF.
As shown in Fig. 6 , the black square, red circle, blue up-triangle, dark cyan diamond and pink down-triangle lines present the transmission spectra of the bare SPF, GO-coated SPF, 7 mm rGO-GO LPFG, 10 mm rGO-GO LPFG, and 14 mm rGO-GO LPFG, respectively. It can be seen that the shallow dip in the transmission spectrum appears when GO film is coated on the SPF. In addition, the transmission power decreases after coating GO film onto the SPF because of the intrinsic Fig. 6 . Transmission spectra of the bare SPF (black square), the GO-coated SPF (red circle), the 7 mm rGO-GO LPFG (blue up-triangle), the 10 mm rGO-GO LPFG (dark cyan diamond) and the 14 mm rGO-GO LPFG (pink down-triangle). absorption and scattering induced by GO film. The shallow dip of ∼3 dB ER in the GO coated SPF transmission spectrum is caused by the mechanism that fundamental mode in the SPF is weakly coupled into the waveguide modes of the GO film. As proven in Fig. 3 , the laser reduction will increase the absorption of GO film. This leads to further decrease in transmission power of the rGO-GO LPFG as shown in Fig. 6 . The larger ER of 11.6 dB and narrower FWHM of 6 nm can be achieved by only writing a 7 mm (14 cycles) rGO-GO LPFG. This appearance of deeper and narrower dip in the transmission spectrum confirms the effectivity of the rGO-GO LPFG on the SPF, since refractive index (RI) of GO could be different from that of rGO [32] , resulting in modulation in RI. The spectrum of shorter LPFG exhibits shallower dip with smaller ER and wider FWHM compared to the longer one. In addition, the different spectra show that the ER, FWHM and the RW can be tuned by changing LPFG length. It is interesting to note that there may be another mechanism for the structure of the film-coated SPF to generate the dip in the transmission spectrum. See the dips at shorter wavelength of 1530-1547 nm in Fig. 6 . The mechanism is the direct coupling of the fiber core mode into the higher-order mode of rGO-GO film. For the mechanism, when the propagation constants of fiber core mode and the film mode equal to each other, the coupling reaches maximum and thus a dip appears. As shown in Fig. 6 , the depth and width of dips in wavelength range of 1530-1547 nm will not change a lot with the increase of LPFG length due to such direct coupling mechanism. Similarly, the dip induced by the mechanism also redshifts with increase of the LPFG length, which is like the behavior of the dip induced by the LPFG.
RW and ER are measured from the transmission spectrum at different LPFG length. The dependence of RW on the LPFG length is plotted in Fig. 7(a) . The RW red shifts from 1552 nm, 1559 nm to 1563 nm when the LPFG length increases. The variations of the ER and FWHM as a function of the grating length are shown in Fig. 7(b) . As can be seen, the ER will increase with the increasing LPFG length. The highest ER of this device is 15.3 dB, thus the LPFG can be used as a band-rejection filter (ER >10 dB). The FWHM will decrease with the increase of the LPFG length, which is consistent with the mode-coupling theory. From the above results, the ER, FWHM and the RW of this rGO-GO LPFG can be all-optically adjusted.
Interestingly, we note the phenomenon that the RW redshifts with increase of the LPFG length, which is different from that in the uniform LPFG [34] . The redshift RW may be caused by two facts: 1) The slightly abrupt phase component in the rGO-GO LPFG is induced when moving the mask and the laser together in the LPFG fabrication; 2) Light scattering through the slit of the mask will slightly reduce the GO film under the strip of the mask and increase the spatially average ERIs of the core mode. According to (1) , the increase in the core ERI could leads to a longer WR. 
Conclusion
A novel rGO-GO LPFG on SPF has been successfully demonstrated as an all optically tunable fiber device. Raman spectra shows that the GO film can be reduced to be rGO by a low power 405 nm laser, which is confirmed by XRD and FTIR techniques. Long period rGO-GO cladding grating (500 μm period) on the SPF has been successfully formed with the amplitude mask. In addition, RW, FWHM and ER are all tunable by altering the rGO-GO cladding LPFG length. The experimental results indicate this fiber device can potentially be used as an optically filter. Although the loss of the rGO-GO LPFG reported in the work is relative high (∼15 dB), such loss can be reduced by the improvement of uniformity of the GO film and the smoothness of the polished surface of the SPF. Furthermore, this work also provides the possibility to make other optically microstructures with rGO-GO structure on SPF. With combination of advantages of LPFG and rGO-GO, such LPFG device could offer more potential applications for sensing technology and all-fiber optic networks.
